The continuing effort to utilise the unique properties present in a number of strongly correlated transition metal oxides for novel device applications has led to intense study of their transitional phase state behaviour. Here we report on time-resolved coherent X-ray diffraction measurements on a single vanadium dioxide nanocrystal undergoing a solid-solid phase transition, using the SACLA X-ray Free Electron Laser (XFEL) facility. We observe an ultra-fast transition from monoclinic to tetragonal crystal structure in a single vanadium dioxide nanocrystal. Our findings demonstrate that the structural change occurs in a number of distinct stages attributed to differing expansion modes of vanadium atom pairs. Correlated electronic materials are those in which 16 the electronic interactions are not readily predicted 17 through a study of the individual constituents. These 18 materials often undergo a phase transition when sub-19 ject to excitation, where quantities including either 20 electronic structure, crystal structure or magnetic or-21 dering are significantly altered. This process is often 22 driven by a change in temperature but may also oc-23 cur due to electrical, mechanical, optical and magnetic 24
tion from tetragonal to monoclinic atomic ordering 48 at a critical temperature T c = 67.9 • C which is ac-49 companied by a metal-to-insulator phase transition. 50 In the monoclinic (tetragonal) phase, VO 2 belongs to 51 the P 2 1 /c (P 4 2 /mnm) space group respectively. The The sample is mounted in the Bragg reflection geometry. At time t, the sample is excited with a femto-second pulse of light from the Ti:Sapphire laser. After a known time interval ∆t = t − t, the sample is probed with a femto-second pulse from the XFEL. By varying ∆t, we were able to obtain coherent diffraction information on the time evolution of the process. The inset shows a scanning electron micrograph image of a single vanadium dioxide (VO2) nanocrystal on the surface of a Si (100) substrate. A 1 micron scale bar is shown. Also shown inset is an illustration of the atomic arrangement in the VO2 unit cell for the monoclinic (M1) structure. 
292
The following procedure was used to determine 293 an appropriate initial sample temperature for pump-294 probe measurements. The sample was heated to 30 • C.
295
A coherent diffraction pattern from the low temper-296 ature monoclinic (011) reflection was then recorded.
297
The sample was subsequently heated through the 298 transition into the high temperature tetragonal phase 299 at which point the diffraction intensity disappeared.
300
The temperature at which this occurred was recorded.
301
The Bragg angle and sample orientation were then 302 changed to locate the (110) reflection of the high tem-303 perature Rutile phase and a coherent diffraction pat-304 tern was recorded. After this, the Bragg angle and 305 sample orientation was returned to that of the low 306 temperature (011) monoclinic reflection and the sam-
